Recently, the development of hydrophobic nanoporous technologies has drawn increased attention, especially for the applications of energy absorption and impact protection. Although significant amount of research has been conducted to synthesis and characterize materials to protect structures from impact damage, the tradition methods focused on converting kinetic energy to other forms, such as heat and cell buckling. Due to their high energy absorption efficiency, hydrophobic nanoporous particle liquids (NPLs) are one of the most attractive impact mitigation materials. During impact, such particles directly trap liquid molecules inside the non-wetting surface of nanopores in the particles. The captured impact energy is simply stored temporarily and isolated from the original energy transmission path. In this paper we will investigate the energy absorption efficiency of combinations of silica nanoporous particles and with multiple liquids. Inorganic particles, such as nanoporous silica, are characterized using scanning electron microscopy. Small molecule promoters, such as methanol and ethanol, are introduced to the prepared NPLs. Their effects on the energy absorption efficiency are studied in this paper. NPLs are prepared by dispersing the studied materials in deionized water. Energy absorption efficiency of these liquids are experimentally characterized using an Instron mechanical testing frame and in-house develop stainless steel hydraulic cylinder system.
INTRODUCTION
Head injuries in sports and military due to low velocity impact are occurring at an epidemic level. The Center for Disease Control and Prevention estimates that as many as 300,000 sports-related "mild" traumatic brain injuries, also referred to as concussions, occur in the United State each year, which approximately one third of these occurring in football [1, 2] . In military, the low velocity impact related head injuries can be more severe and often. For example, the recent wars in Iraq and Afghanistan resulted in about 320,000 blast related traumatic brain injures, most of which are categorized as uncomplicated concussions [3] . Therefore, protective equipment and gears are essential for preventing and reducing the severity of injuries to athletes and soldiers. Although a large number of protective equipment and gears have been widely adopted, their effectiveness may require further improvement in preventing severe injuries, especially those that cause long-lasting effect on human life, such as brain injuries.
A number of studies related to new concepts and designs of impact protective materials have been conducted in the past two decades. Traditional approaches use ballistic fabrics, laminated composites, and ceramics for medium and high velocity impact protection [4] . Ballistic fabrics have received significant attention due to their military applications. The factors related to impact protection capabilities include: fabric material properties and structures, impact energy, projectile geometry, frictions between fibers and yarns, interaction of multiple plies [5] . Roylance et al. [6] have shown that the majority of the impact energy is transferred to the principal yarns which are in direct contact with the projectile. Impact energy transfers from kinetic energy to strain energy in this process. Similar to ballistic fabrics, laminated composites have been used as energy absorber for impact protection [7] . Four different failure modes including matrix cracks, delamination, fiber breakage, and penetration, may exit when composite laminates are subject to different impact energy and velocities. Due to the complex nature of failure of composites, these materials are sensitive to strain rates. The use of ceramics in conjunction with other materials is also an accepted method for producing light-weight armors for impact protection. Ceramics are considered to be suitable as stiff, hard, and strong in compression. Of their various properties, the high hardness of ceramics is particularly relevant to their applications as armor again projectiles with velocity of up to 1200 m/s [8] . Protective helmet and padding for sports equipment and gears usually use soft foams as the shock-absorbing materials [9] . A hard outer shell may be used, such as the helmets for American football and ice hockey.
Energy-absorbing mechanisms such as plastic deformation and material fracture have been studied for low velocity impact protection using cellular structures, such as honeycomb and foam materials. One of the typical types is the hexagonal honeycomb with regular hexagonal walls. Caccese et al. [10] reported an optimal design using honeycomb materials to mitigate head impacts. Detailed honeycomb geometries, including honeycomb depth, cell wall thickness, cell size, were simulated using finite element method and optimized using a genetic algorithm. Other materials in honeycomb structures, such as aluminum [11] , polystyrene [12] , polypropylene [13] , and polyurethane [14] have been studied for impact energy absorption and protection. Nature materials have been studied for impact protection recently. Fernandes et al. [15] reported the impact response of agglomerated cork. This natural materials presented an outstanding performance in material relaxation after impacts, which showed the potential for multiple impact protections. Garcia-Gonzalez [16] reported the mechanical impact behavior of polyether-ether-ketone (PEEK). Due to their biocompatibility [17] , good energy absorption properties can significantly widen the applications of such materials from protective equipment and gears to biomedical and implant applications. However, all the energy-absorbing materials need to depend on cell buckling or the kinetic-heat transformation. The energy-absorbing capability of such materials is significantly reduced after multiple impacts. A newly discovered nanoporous particle liquids (NPLs) has shown promise in mitigating impact energy by instantly trapping liquid molecules inside the non-wetting surface of pores of nanoparticles. Unlike the conventional energy dissipation process, the captured wave energy is not necessarily converted to other forms of energy, as it is in heat or cell buckling; but simply stored temporarily and isolated from the original energy transmission path. Thus, the pressure of the transmitted wave that would reach the target can be lowered significantly. Nanoporous particles, such as silica [18, 19] and multi-walled carbon nanotubes [19] , have been reported as the energy-absorbing materials in NPLs. Kong et al. [20] first reported the energy absorption behaviors of nanoporous silica particles immersed in aqueous solutions. Ethanol was used as promoter to adjust the infiltration pressure. Therefore, the energy-absorbing capabilities of the NPLs was optimized. The energy-absorbing properties under dynamic loading were reported by Surani et al. [21] . The nonwetting nanoporous particles were dispersed in aqueous solutions and tested using a Hopkinson bar. Compared with the quasi-static loading cases, the NPL showed much higher efficiency to absorb impact energy.
In this paper we report the energy absorption capability of different NPLs prepared using end-capped silica nanoporous particles and ethanol / methanol promoters. All the prepared NPLs are tested experimentally using a customized stainless steel cylinder under quasi-static load conditions. The load-unload curves of NPLs present critical information, such as infiltration pressure. The energy absorbed by the NPLs are calculated using the loadunload curves. The energy absorption capabilities of different NPLs can be compared to optimize the formula of NPLs for impact protection.
The remainder of this article is organized as follows. In section 2, the materials and experimental setup are introduced in details. In section 3, the material characterization results and the effects of promoters on infiltration pressure and energy absorption capabilities are discussed. The conclusions of this article is presented in section 4.
MATERIALS AND EXPERIMENTS

Materials
Unless otherwise stated, all the following listed materials and reagents were used as received. Silica gel 100 C(8)-reversed phase, ethyl alcohol (≥ 99.5), deionized water were from Sigma Aldrich. According to the information provided by the supplier, the silica gel employed in this paper has an average pore size of 9 nm and the particle size of 40-63 um.
Preparation of silica based NPL
In this paper all the NPLs tested in each experiment are 10 ml with 0.3 gram of silica nanoporous particles. First, all the silica particles are kept in a vacuum oven under vacuum at 100 ºC for 24 hours to remove the trace of moisture in the materials. Second, the measured silica particles is added to the measured deionized water and stirred manually for 5 minutes. Then the promoter, such as ethanol or methanol, is measured and added to the solution. After mixing manually for 5 more minutes, all the solution is transferred to the stainless steel cylinder. All the air is removed before sealing the cylinder. The inner diameter of the cylinder is 0.5 inch and the outer diameter of the cylinder is 1.5 inch. NPLs with different concentration of methanol and ethanol promoters are tested. First, pure deionized water with 10%, 20% prepared an MPa to less than 1 MPa. In addition, the plateau of the pressure curves move slightly to the larger volume change range, indicating more molecules are pushed into the pores in silica particle during the loading process.
Comp
All the unloading process still shows similar linear change, as shown in Fig. 2 . It proves the release of molecules from large pores in silica only. The trapped water and ethanol molecules need external energy stimulation before naturally released to the solution again.
Methanol is the second type of promoter studied in this paper. As shown in Fig. 3 , NPLs with methanol promoters show similar trend. When the concentration of methanol increases, the infiltration pressure reduces accordingly. In addition, more volume change is observed. Since the molecule size of methanol is smaller than that of ethanol, it is relatively easy to push more methanol molecules to the pores in silica particles. The NPLs with methanol systems also respond linear during the unloading process, which indicate the release of only water and methanol molecules from large pores in silica particles. Comparing the system performance using ethanol and methanol promoters, it is noted that the infiltration pressure of NPLs with different promoters changes differently. As shown in Fig. 4 , the infiltration pressures reduce significantly when ethanol is used as promoter. As the concentration increased to 30%, the NPL with ethanol has an infiltration pressure of less than 1 MPa. However, the NPLs with methanol do not show such a significant reduce of infiltration pressure. The significant reduce of infiltration pressure for NPLs with ethanol is considered to be related to the surface energy of ethanol and silica pores. More detailed analyses are needed to demonstrate this assumption. The amount of energy absorbed by NPLs is one of the most critical parameter characterized in this email. As shown in Figs. 5 and 6, it is noted that both NPLs with ethanol and methanol promoters have the maximum energy absorption with 10% centration. However, due to the significant reduce of infiltration for ethanol based NPLs, the energy absorption capabilities is reduced quickly as the concentration increases. The NPLs with methanol as promoters do not show such a significant reduce. Based on the application, the optimal concentration of promoter can be selected based on this study. 
CONCLUSIONS
This paper reported an experimental characterization approach to understand the performance of NPLs using silica nanoporous particles and ethanol / methanol promoters. Both NPLs with ethanol and methanol promoters show good energy absorption capabilities under a quasi-static load conditions. At the low pressure range, the pressure increases almost linearly until it reaches the infiltration pressure. Once the pressure passes infiltration pressure, a substantial amount of water and promoter molecules are pushed into the pores of silica nanoporous particles, resulting in the non-linear performance of the system. The system shows linear responses again during the unloading process due to the molecule release only from large pores in the particles. Although both ethanol and methanol can significantly impact on the infiltration pressure, the methanol promoter does not effect the infiltration pressure of NPLs as significant as ethanol.
